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Bone is characterized with an optimized combination of high stiffness and toughness. The understanding of 
bone nanomechanics is critical to the development of new artificial biological materials with unique 
properties. In this work, the mechanical characteristics of the interfaces between osteopontin (OPN, a 
noncollagenous protein in extrafibrillar protein matrix) and hydroxyapatite (HA, a mineral nanoplatelet in 
mineralized collagen fibrils) were investigated using molecular dynamics method. We found that the 
interfacial mechanical behaviour is governed by the electrostatic attraction between acidic amino acid 
residues in OPN and calcium in HA. Higher energy dissipation is associated with the OPN peptides with a 
higher number of acidic amino acid residues. When loading in the interface direction, new bonds between 
some acidic residues and HA surface are formed, resulting in a stick-slip type motion of OPN peptide on the 
HA surface and high interfacial energy dissipation. The formation of new bonds during loading is considered 
to be a key mechanism responsible for high fracture resistance observed in bone and other biological 
materials.  
Keywords: Osteopontin, Hydroxyapatite, Mechanical Property, Interface, Molecular Dynamics  
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1. Introduction
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While the basic building blocks of bone are hydroxyapatite (HA) platelets and protein molecules, this 
biological material possesses exceptional mechanical properties, i.e., combined high stiffness and 
toughness, attracting considerable attention (Dunlop and Fratzl, 2010; Wegst and Ashby, 2004). Bone is 
featured by a complicated microstructure, with at least seven hierarchical levels (Launey et al., 2010). In 
bone microstructure, extrafibrillar protein matrix can be found between mineralized collagen fibrils (MCF) 
and osteopontin (OPN) is found in this extrafibrillar protein matrix (Launey et al., 2010; McKee and Nanci, 
1995; McKee and Nanci, 1996; Nanci, 1999). MCF consists of HA nanoplatelets with a thickness of 1.5 – 4.5 
nm (Fratzl et al., 1991; Fratzl et al., 1992; Fratzl et al., 2004; Launey et al., 2010). In previous studies, 
separation of MCFs was observed at bone fracture surface (Fantner et al., 2005; Hassenkam et al., 2004; 
Thurner et al., 2007). OPN is non-collagenous protein and acts as an adhesive (natural glue) in bone 
(Fantner et al., 2005; McKee and Nanci, 1995; McKee and Nanci, 1996; Nanci, 1999). OPN is highly flexible 
and consists of many acidic amino acid (AA) residues (Azzopardi et al., 2010; Fisher et al., 2001). For 
instances, in human OPN, about 25 % of the AA residues are acidic, and about 19 % of the AA residues are 
expected to be added with negatively charged groups (e.g. phosphate group) during posttranslational 
modification (Blom et al., 1999; Zappone et al., 2008).  
Based on atomic force microscopy (AFM) tests on a layer of protein deposited on mica (Adams et al., 
2008; Fantner et al., 2007; Zappone et al., 2008), force-displacement curves with few noticeable force 
peaks were observed and a mechanism called sacrificial bonds and hidden lengths was proposed. Sacrificial 
bonds shield parts of molecule from being stretched. These protected molecules are referred as hidden 
lengths. Continuously breaking of the sacrificial bonds leads to the stretching of the hidden lengths and 
high energy dissipation. This was considered to be the reason responsible for the excellent fracture 
resistance of bone. Certainly, other mechanisms were also proposed, as detailed by Launey et al. (2010). 
The adsorption of OPN peptide on HA surface was investigated using atomic-scale simulation (Addison et 
al., 2010; Azzopardi et al., 2010). It was found that the flexibility of peptide is critical for the adsorption of 
OPN peptide on HA surface (Azzopardi et al., 2010). However, the desorption process of OPN peptide from 
HA surface has not been understood. In fact, OPN may detach from HA surface when bone is subjected to 
daily loading. Due to the tiny sizes of MCF and OPN, a large interfacial area is expected. Therefore, a better 
understanding of the interfacial behaviour between OPN and HA surface is critical to explain the 
mechanical behaviour of bone and other biological materials. In addition, it is necessary to investigate the 
effects of loading conditions on the deformation and failure mechanisms.   
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In this study, the mechanical behaviour of OPN and HA interface was investigated using molecular 
dynamics (MD) simulation, which has been proven to be a powerful tool for investigating biological 
materials at smaller material length scales (Addison et al., 2010; Azzopardi et al., 2010; Buehler et al., 2008; 
Chen et al., 2007; Gautieri et al., 2012; Grohe et al., 2007; Ji, 2010). The attention was focused on the 
interaction between OPN and HA under different loading modes. Four types of 18-residue OPN peptide 
with different numbers of acidic AA residue and net charge were investigated. 
2. Materials and Methods 
2.1 Computational Model 
A hexagonal-type HA (Ca10[PO4]6[OH]2) substrate was modelled, as shown in Fig. 1. The initial atomic 
coordination of HA is based on previous experimental work (space group P63/m and unit cell parameters of 
a = b = 9.423 Å, c = 6.883 Å, α = β = 90 0, γ = 120 0) (Wilson et al., 1999). It is worth mentioning that the 
mineral thickness in this computational model (~ 2 nm) is close to that of the HA platelet found in bone (1.5 
– 4.5 nm) (Fratzl et al., 1991; Fratzl et al., 1992; Fratzl et al., 2004; Launey et al., 2010). A {100} crystal face 
was created near the hydroxyl (OH) columns, as this is the main crystal face in biological minerals (Corno et 
al., 2011; Sato et al., 2002). 
Four different types of OPN peptide were considered and each OPN peptide has 18 AA residues (Table 
1). The atomic structures are obtained from (Addison et al., 2010). OPN A is an OPN peptide (AA 198-215) 
with a neutral net charge. It has an acidic AA residue (aspartate (D)) and a basic AA residue (lysine (K)). OPN 
B is an OPN peptide (AA 115-132) with 8 acidic AA residues (aspartate (D) and glutamate (E)) and a net 
charge of -8. Each of these acidic AA residues has a negatively charged carboxyl (-COO-) side chain. OPN C 
and OPN D are two different phosphorylated forms of OPN B. OPN C has three negatively charged 
phosphoserines (pS) and a net charge of -14, while OPN D has five negatively charged phosphoserines and a 
higher net charge of -18. Each phosphoserine (pS) has a negatively charged phosphate (-PO3
2-) side chain.  
The OPN peptide was placed approximately 1 nm on top of {100} crystal face of HA atomic structure. 
Both OPN and HA substrate were placed within a cubic simulation box with periodic boundary condition 
(PBC). The OPN peptide and HA substrate did not cross the box edges. Big simulation boxes were used to 
prevent any significant interaction of OPN peptide and HA substrate with their periodic images. Box size of 
9.4 x 30.0 x 18.1 nm3 was used for the pulling simulation in HA thickness direction (y-direction), while box 
size of 9.4 x 8.0 x 35.0 nm3 was used for pulling simulation in HA interface direction (z-direction). The empty 
space of simulation box was filled with single point charge (SPC) water molecules (Berendsen et al., 1981). 
Then, some calcium and chloride ions were added carefully to ensure the whole system has a neutral net 
charge.  
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2.2 Force Field   
GROMOS force field (van Gunsteren et al., 1996) was used for to model OPN peptide. Hauptmann 
apatite model (Hauptmann et al., 2003) was adopted for HA and Lennard-Jones potential converted from 
Born-Mayer-Huggins (BMH) potential was used (Pan et al., 2007). Lennard-Jones parameters for the 
interaction between OPN peptide and HA were calculated based on Lorentz-Berthelot mixing rule 
(Hirschfelder et al., 1954), i.e., 
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where r is the distance between the particles, ε is the depth of the potential well, and σ is the distance at 
which the potential is zero. This mixing rule has been previously used for calculating the intermolecular 
potential in different materials (Chen et al., 2007; Gao and Kong, 2004; Ravichandran et al., 2001). Particle 
mesh ewald (PME) (Darden et al., 1993; Essmann et al., 1995) was adopted.  
2.3 Molecular Dynamics Simulation 
GROMACS package (Berendsen et al., 1995; Hess et al., 2008; Lindahl et al., 2001; van der Spoel et al., 
2005) was used to perform the MD simulations, and Visual Molecular Dynamics (VMD) package (Humphrey 
et al., 1996) was used to analyse the protein structure.  
First, energy minimization (EM) was performed using the steepest descent method. In order to achieve a 
temperature of 310 K and a pressure of 1 bar, equilibration was conducted under NVT ensemble (constant 
Number of particle, Volume and Temparature) for 100 ps, and it was followed with NPT ensemble (constant 
Number of particle, Pressure and Temperature) for another 100 ps. 5-ns MD simulation was subsequently 
performed. The computational models after 3-ns, 4-ns, and 5-ns MD simulation were used as initial 
structures for the pulling simulations. For each pulling simulation, the alpha carbon, Cα atom in C-terminal 
AA residue (shown as a purple atom in Fig. 2) was pulled with a spring constant of 1000 kJ mol-1 nm-2 and at 
a pulling rate of 0.01 nm/ps. The pulling directions were the HA thickness direction (y-direction) and 
interface direction (z-direction), as illustrated in Fig. 2. 
.  
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 Overall, four types of OPN peptide were pulled along two different directions, such that 8 cases were 
studied. In each case, three pulling simulations (after 3-ns, 4-ns, and 5-ns MD simulation) were performed. 
A total of 24 pulling simulations was conducted. The energy dissipation was estimated from the force-
displacement curve. The average values of energy dissipation were calculated based on the results from 
three pulling simulations.  
3. Results and Discussion 
3.1 OPN-HA Interfacial Interaction  
Table 2 presents the average values of interaction energy between OPN peptide and HA during 5-ns MD 
simulation, where positive values are repulsive interaction energy and negative values are attractive 
interaction energy. It is clear that the OPN-HA interfacial characteristic is governed by electrostatic 
interaction. Van der Waals interaction energy (Evdw) is very low as compared to the electrostatic interaction 
energy (Eelec). Therefore, van der Waals force has a minimal effect on the OPN-HA interfacial interaction. 
The work of Azzopardi et al. (2010) also suggested electrostatics playing a key role in the OPN-HA interface. 
Strong electrostatic interaction was observed in HA surface with other type of protein (Yin et al., 2002). 
Attractive interaction energy increases with the number of acidic AA residue and the net negative 
charge, as shown in Table 2. Addison et al. (2010) also found that OPN peptide with increased protein 
phosphorylation has higher adsorption energy. This is mainly due to more acidic AA residues (aspartate (D), 
glutamate (E), and phosphoserine (pS)) in OPN peptide that are attracted to HA surface. Fig. 3 illustrates 
the protein structures, and the corresponding interaction energy between each AA residue and HA after 5-
ns MD simulation. Among four types of OPN peptide, OPN D has the highest number of acidic AA residue 
that is attracted to the HA surface, followed by OPN C, OPN B, and OPN A. Some side chains of aspartate 
and glutamate (carboxyl group) in OPN peptides are close to the HA surface. In addition, some side chains 
of phosphoserine (phosphate group) in OPN C and OPN D are also attracted to the HA surface. It is worth 
mentioning that not all the acidic AA residues can be found near the HA surface. In Fig. 3, OPN peptide with 
a negative charge tends to have longer peptide structure than OPN peptide with a neutral net charge. This 
is most probably due to the repulsive electrostatic interaction found between the acidic AA residues in OPN 
B, OPN C, and OPN D peptides (Addison et al., 2010; Grohe et al., 2007). 
Examples of electrostatic interaction energy between some acidic AA residues in OPN peptide and 
calcium, phosphate, and hydroxide in HA are shown in Fig. 4. The van der Waals interaction energy is too 
small compared to electrostatic interaction energy and is thus ignored. Although acidic AA residues are 
repulsed by the phosphate and hydroxide in HA, the attractive interaction energy between the acidic AA 
residues and calcium in HA is higher and surpasses the total repulsive interaction energy. Therefore, the 
attraction between acidic AA residues and calcium in HA allows OPN peptide to attach to the HA surface. 
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3.2 Mechanical Behaviour of OPN-HA Interface  
Fig. 5a shows an example of force-displacement curve when the peptide is pulled in the direction vertical 
to the interface (y-direction). The change of interaction energy between four acidic AA residues (Residues J, 
K, L, and M) and HA during pulling simulation is shown in Fig. 5b. Here, positive interaction energy is 
repulsion while negative interaction energy is attraction. The major part of the interaction energy is the 
attractive electrostatic interaction between acidic AA residue in OPN peptide and calcium in HA. For the 
configurations of OPN peptide shown in Fig. 5c, d, e and f, the corresponding load and displacement can be 
found in Fig. 5a, i.e., Points 5C, 5D, 5E, and 5F. The bonds between AA residues and HA are estimated based 
on the interfacial interaction energy (below -100 kJ/mol). The AA residues attached to HA surface 
(interaction energy below -100 kJ/mol) are shown in red dotted circles in Fig. 5c, d, e and f. 
Based on the pulling results in the direction vertical to the interface shown in Fig. 5, the initial attractive 
interaction energy between Residue J and HA is very high (< -100 kJ/mol) (Fig. 5b). This shows that Residue 
J is attracted strongly to HA surface initially. Therefore, the OPN peptide backbone between pulling atom 
and Residue J is stressed and an increasing force is observed (Fig. 5a). Around displacement of 1.25 nm, 
Residue J detaches from HA surface (Fig. 5c), and the corresponding interaction energy drops drastically to 
approximately zero (Fig. 5b). This explains why a noticeable drop in force occurs around displacement of 
1.25 nm in the force-displacement curve (Fig. 5a). After Residue J detaches from HA surface, longer OPN 
peptide backbone (between pulling atom and Residue K) is stressed. The stretched OPN peptide backbone 
is highlighted in yellow in Fig. 5c. The force again increases gradually until second AA residue (Residue K) 
detaches from HA surface. At a displacement of about 3.45 nm, Residue K separates from HA surface (Fig. 
5d), and the interaction energy between Residue K and HA reduces to almost zero (Fig. 5b). This causes 
another dramatic force drop in the force-displacement curve (Fig. 5a). After the detachment of Residue K, 
the OPN peptide backbone between pulling atom and Residue L is stretched. The stretched OPN peptide 
backbone is highlighted in yellow in Fig. 5d. This process repeats again until all AA residues detach from the 
HA surface. The drop in force during displacements of about 4.65 and 5.35 nm is due to the detachment of 
Residues L and M from HA surface, respectively (Fig. 5e and Fig. 5f). The force drops to almost zero (> ~6 
nm in Fig. 5a) when OPN peptide separates from HA surface. In current study, although only one OPN 
peptide is pulled away from HA surface in the thickness direction, few distinct force peaks can also be 
observed in the force-displacement curve.  
Fig. 6a plots an example of force-displacement curve for pulling in the interface direction (z-direction), 
while Fig. 6b shows the evolution of interaction energy between four AA residues (Residues P, Q, R, and S) 
and HA. The attractive electrostatic interaction energy between acidic AA residues in OPN peptide and 
calcium in HA constitutes mainly of the OPN-HA interfacial interaction energy. Fig. 6c, d, e, and f show the 
structures of the OPN peptide when pulled in interface direction, and the corresponding load and 
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displacement is presented in Fig. 6a, i.e., Points 6C, 6D, 6E, and 6F. AA residues which are attracted to HA 
surface (interaction energy below -100 kJ/mol) are shown in blue dotted circles. 
Based on the pulling results in the interface direction shown in Fig. 6, Residue P, which is close to the 
pulling atom, is detached from HA surface first (Fig. 6c). This causes an apparent drop in the magnitude of 
the force at a displacement of about 1.15 nm (Fig. 6a). The subsequent drop in force around the 
displacement of 2.70 nm is due to Residue Q shifts to other location of HA surface (Fig. 6d). Around 
displacement of 3.80 nm, a new bond is formed between Residue Q and HA surface (Fig. 6e). On the other 
hand, Residues R and S separate from HA surface (Fig. 6e), and this causes reduction of force (Fig. 6a). After 
that, Residue Q is reattached to another location (Fig. 6f), while Residues R and S also return back on HA 
surface (Fig. 6f). The obvious force drop after 5.80 nm (Fig. 6a) is due to the detachment of Residues Q, R, 
and S from HA surface. Based on the interaction energy (Fig. 6b), the Residue R is reattached to HA surface 
during displacements of about 5.90 nm and 6.15 nm, but these new bonds do not last long. Around 
displacement of 9.15nm, a new bond is formed between Residue P and HA. This new bond restricts the 
movement of OPN peptide, leading to an increase in the force (Fig. 6a). 
For comparison, energy dissipation in 8 simulation cases were evaluated, as shown in Fig. 7. Here, the 
energy dissipation was estimated as the area under the force-displacement curve. Note that the results in 
Fig. 7 are the average values based on 3 pulling simulations (after 3-ns, 4-ns, and 5-ns MD simulation). The 
data scatter for each case is shown in Fig. 7. The effect of initial conformation on the energy dissipation is 
marginal (less than 17 %). This shows that 3 conformations are sufficient for this study. Based on Fig. 7, it is 
clear that a higher energy dissipation is associated with the OPN peptide with more acidic AA residues and 
negative net charges, due to the higher interaction energy (Fig. 3 and Table 2). For a given type of OPN 
peptide, the energy dissipation when pulling OPN peptide in the interface direction (z-direction) is higher 
than that in the thickness direction (y-direction). This is due to the fact that new bonds can be formed 
between acidic AA residues and HA surface during pulling OPN peptide in the interface direction. These 
newly formed bonds restrict the movement of OPN peptide, thus leading to stick-slip motion and higher 
energy dissipation. Stick-slip motion is also found in the shearing between collagen molecules (Gautieri et 
al., 2012), and between alkane chains and ZnO substrate (Ji, 2010). Keckes et al. (2003) suggested that 
stick-slip motion occurs in wood cell wall, and this mechanism is one of the reasons why wood tissue has 
remarkable mechanical properties. 
This current study suggests a new mechanism of energy dissipation in bone. During the loading process 
in the interface direction, the formation of new bonds between some acidic AA residues and HA restrict the 
movement of OPN peptide, contributing to a stick-slip type motion between OPN peptide and HA surface, 
which leads to higher interfacial energy dissipation. The overall energy dissipation resulting from this 
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mechanism is expected to be very high. The first reason is the extremely large OPN-HA interfacial area. The 
second is the deformation of protein matrix in bone is mainly in the interface direction (shear). Tension-
shear chain (TSC) model was proposed previously to explain the mechanical behaviour of biological 
nanocomposite, and the soft protein matrix is suggested transferring load mainly via shear (Gao et al., 
2003; Jäger and Fratzl, 2000; Ji and Gao, 2004). The formation of new bonds during loading process 
between some acidic AA residues in OPN and calcium in HA is considered to be the underlying mechanism 
for the high fracture resistance observed in bone.  
4. Conclusions 
The interfacial mechanical behaviour of osteopontin-hydroxyapatite interface has been investigated using 
molecular dynamics simulation. Four types of 18-residue osteopontin peptide with different numbers of 
acidic amino acids and net charge were studied. Each osteopontin peptide was subjected to pulling in the 
thickness and interface directions. The simulation results indicate that    
- The interfacial mechanical behaviour between osteopontin peptide and hydroxyapatite surface is 
governed mainly by the attractive electrostatic interaction between some acidic amino acids (aspartate 
(D), glutamate (E), and phosphoserine (pS)) in osteopontin peptide and calcium in hydroxyapatite. 
- Higher energy dissipation is associated with the osteopontin peptide with a higher number of acidic 
amino acids when loading. This is due to more acidic amino acids can be attracted to hydroxyapatite 
surface and higher attractive interaction energy between the osteopontin peptide and hydroxyapatite. 
- New bonds between acidic amino acids and hydroxyapatite can be formed when osteopontin peptide is 
loaded in interface direction. These new bonds cause stick-slip type motion of osteopontin peptide on 
the hydroxyapatite surface, resulting in high energy dissipation.  
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Table 1. Types of 18-residue OPN peptide considered in this study. Aspartate (D), glutamate (E) and phosphoserine (pS) are acidic 
AA residues. 
Peptide Sequence Net Charge 
OPN A LNGAYKAIPVAQDLNAPS  0 
OPN B DDSHQSDESHHSDESDEL  -8 
OPN C DDSHQ(pS)DESHH(pS)DE(pS)DEL  -14 
OPN D DD(pS)HQ(pS)DE(pS)HH(pS)DE(pS)DEL  -18 
 
 
Table 2. Average values of electrostatic and van der Waals interaction energy between OPN peptide and HA during 5-ns MD 
simulation. Positive is repulsion and negative is attraction. 
 Eelec (kJ/mol) Evdw (kJ/mol) 
OPN A -332 -23 
OPN B -931 8 
OPN C -1796 71 
OPN D -2965 104 
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Fig. 1. HA substrate used in this study. {100} surfaces are modelled near the hydroxyl (OH) columns. (Ca – green; P – orange; O – 
red; H – white). 
  
 
 
Fig. 2. Computational model of a 18-residue OPN peptide on HA surface. OPN peptide is pulled along thickness direction (y-
direction) and interface direction (z-direction). Solvent molecules are removed for clarity. (Ca – green; P – orange; O – red; H – 
white; C – black; N – blue; Pulling atom (Cα atom) – purple). 
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Fig. 3. Side views of protein structure and interaction energy after 5-ns MD simulation. Solvent molecules are removed for clarity. (a) 
OPN A, (b) OPN B, (c) OPN C, and (d) OPN D. (Ca – green; P – orange; O – red; H – white; C – black; N – blue).  
 
 
 
Fig. 4. Electrostatic interaction energy between some acidic residues in OPN peptide and calcium, phosphate, and hydroxide in HA 
after 5-ns MD simulation. 
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Fig. 5. Pulling results in the thickness direction (y-direction). (a) Force-displacement curve, (b) Interaction energy between 4 AA 
residues (Residues J, K, L, and M) and HA. (c-f) OPN peptide structures during 1.25 nm, 3.45 nm, 4.65 nm, and 5.35 nm. Residues 
attracted to HA (interaction energy below -100 kJ/mol) are shown in red dotted circles. Solvent molecules are removed for clarity. 
(Ca – green; P – orange; O – red; H – white; C – black; N – blue; Pulling atom (Cα atom) – purple). 
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Fig. 6. Pulling results in the interface direction (z-direction). (a) Force-displacement curve, (b) Interaction energy between 4 AA 
residues (Residues P, Q, R, and S) and HA. (c-f) OPN peptide structures during 1.15 nm, 2.70 nm, 3.80 nm, and 5.80 nm. Residues 
attracted to HA (interaction energy below -100 kJ/mol) are shown in blue dotted circles. Solvent molecules are removed for clarity. 
(Ca – green; P – orange; O – red; H – white; C – black; N – blue; Pulling atom (Cα atom) – purple). 
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Fig. 7. Average values of energy dissipation during 10-nm pulling simulation. (a) Results for pulling in the thickness direction (y-
direction) and (b) Results for pulling in the interface direction (z-direction). 
 
 
